Using an inductively coupled plasma system, we study the effects of direct plasma, plasma-generated high-energy photons in the ultraviolet and vacuum ultraviolet (UV/VUV), and radical treatments on lipopolysaccharide (LPS). LPS is a biomolecule found in the outer membrane of Gram-negative bacteria and a potent stimulator of the immune system composed of polysaccharide and lipid A, which contains six aliphatic chains. LPS film thickness spun on silicon was monitored by ellipsometry while the surface chemistry was characterized before and after treatments by x-ray photoelectron spectroscopy (XPS). Additionally, biological activity was measured using an enzyme-linked immunosorbent assay under (a) a sensitive regime (sub-µM concentrations of LPS) and (b) a bulk regime (above µM concentrations of LPS) after plasma treatments. Direct plasma treatment causes rapid etching and deactivation of LPS in both Ar and H 2 feed gases. To examine the effect of UV/VUV photons, a long-pass filter with a cut-off wavelength of 112 nm was placed over the sample. H 2 UV/VUV treatment causes material removal and deactivation due to atomic and molecular UV/VUV emission while Ar UV/VUV treatment shows minimal effects as Ar plasma does not emit UV/VUV photons in the transmitted wavelength range explored. Interestingly, radical treatments remove negligible material but cause deactivation. Based on the amphiphilic structure of LPS, we expect a lipid A rich surface layer to form at the air-water interface during sample preparation with polysaccharide layers underneath. XPS shows that H 2 plasma treatment under direct and UV/VUV conditions causes oxygen depletion through removal of C-O and O-C=O bonds in the films, which does not occur in Ar treatments. Damage to these groups can remove aliphatic chains that contribute to the pyrogenicity of LPS. Radical treatments from both Ar and H 2 plasmas remove aliphatic carbon from the near-surface, demonstrating the important role of neutral species.
Introduction
Low-temperature plasma treatment of cells and living tissue is emerging as a versatile method to directly alter the function of biological matter in desirable ways [1] . One application that has received much attention is plasma-based sterilization of bacteria and deactivation of pernicious biomolecules [2] [3] [4] [5] [6] [7] [8] [9] . Traditional cleaning methods suffer from several disadvantages and leave harmful residues on, for example, medical instruments, which can be transferred to a patient Figure 1 . Schematic of LPS highlighting the structure of lipid A. Enclosed is the structure of biotin, which is conjugated to LPS for endotoxicity measurements. Ph-phosphate/pyrophosphate, KDO-3-deoxy-D-manno-oct-2-ulosonic acid, Hep-heptose, Glc-glucose, Gal-galactose, NGc-N-acetyl-glucosamine, NGa-N-acetyl-galactosamine. during medical procedures [10] . Plasma treatments offer three key advantages: they operate at low temperature, which allows them to be used on heat-sensitive devices, and they consist of non-toxic gases such as argon, oxygen, hydrogen and nitrogen. Finally, in contrast to antibiotics, bacteria cannot become resistant to the treatment. The deactivation of biomolecules has been well demonstrated, but the mechanism, e.g. the individual roles of various plasma species and a systematic understanding of what occurs at an atomistic level has been lacking [11] .
The present work describes research aimed at improving our understanding of the plasma species responsible for deactivation as well as the chemical changes occurring in biological systems that cause deactivation. We chose lipopolysaccharide (LPS, Escherichia coli O111:B4) as a model biomolecule. LPS is found in the outer membrane of Gram-negative bacteria and triggers a severe immune response [12] . Its presence in the body can lead to fever, changes in white blood cell count, hypotension, sepsis, multiple organ failure and death [13] .
In this study, LPS was exposed to inert (Ar) and reactive (H 2 ) discharges under various conditions in order to gain an atomistic understanding of how various plasma species modify its chemical structures. The effect of direct plasma treatment, plasma-generated ultraviolet and vacuum ultraviolet (UV/VUV) photons, and plasma-generated radicals on LPS films was examined. We probed the surface morphology using atomic force microscopy (AFM) and monitored material removal using in situ and ex situ ellipsometry. Changes in biological activities of LPS were indirectly measured using biotinylated LPS in an enzyme-linked immunosorbent assay (ELISA) platform and the surface chemistry was characterized by x-ray photoelectron spectroscopy (XPS). We show that Ar and H 2 plasma-based deactivation of LPS occurs via very different mechanisms due to differences in reactivity of plasma-generated UV/VUV photons and radicals. We also demonstrate the spatial extent of the changes induced by various plasma species and relate these changes to the deactivation of films with different thicknesses. The results obtained in this study are compared to a complementary beam study on lipid A, the toxic portion of LPS [14] .
Experiments and methods

Description of materials
LPS O111:B4 (Sigma-Aldrich) was chosen in this study as a model biomolecule and is shown in figure 1 . LPS consists of a pyrogenic component, lipid A, connected to a long polysaccharide chain called an O-chain by a core oligosaccharide [12] . Changes to the lipid A structure shown in figure 1 decrease the molecule's endotoxicity while changes to the O-chain and core oligosaccharide decrease a bacteria cell's defenses as the purpose of the O-chain is to protect the cell [15] . For example, it has been found that monophosphorylated lipid A or lipid A with shorter and fewer aliphatic chains shows less endotoxicity than the diphosphorylated molecule consisting of six aliphatic chains made up of 12-14 carbons [12] . The core oligosaccharide and O-chain consist of cyclic carbohydrates and their derivatives some of which contain amide groups. Most of the nitrogen in the molecule is found in the amide groups on the O-chain.
To prepare samples for surface analysis, LPS was dissolved in a 9 : 1(vol : vol) methanol : water solution and diluted to 500 µg ml −1 . LPS films were prepared by spinning 100 µl of LPS solution on piranha-cleaned silicon substrates at 100 rpm until they were dried [16] . The prepared films were about 60 nm thick. For indirect measurements of endotoxicity, biotinylated LPS (bLPS, InvivoGen) in phosphate buffered saline solution (PBS, 0.4M buffer, 0.15M NaCl, pH= 7.2) was incubated in a 96-well microtiter plate for 2 h at room temperature. The structure of biotin is shown in figure 1 and consists of an ureido ring fused with a tetrahydrothiophene ring containing a valeric acid substituent [17] . In these experiments, the concentration of LPS/bLPS determines the film thickness. For LPS, decreasing the spun-on concentration below 500 µg ml −1 resulted in thinner films. As discussed in detail below, after plasma treatments the bioactivity of bLPS varies depending on its concentration, demonstrating that film thickness plays a strong role in its deactivation. We use this difference to learn about the spatial extent of the changes induced by different moieties. To estimate a decrease in film thickness in the well, the well plate and a LPS-coated Si sample were treated in parallel. As material removal in the well and on the Si substrate should be the same, we correlate the loss of bioactivity with the thickness removed on the LPS-coated Si sample.
Plasma processing
The inductively coupled plasma reactors used in this study have been described in detail in previous publications and will be briefly overviewed here [18, 19] . In both the 125 and 300 mm substrate electrode diameter reactors, a planar coil is placed on top of a quartz window and powered through an L-type matching network at 13.56 MHz with a power supply (0-2000 W). The distance between the quartz window and the substrate was 15 cm in the 125 mm reactor and 13 cm in the 300 mm reactor. The bottom electrode where the substrate is fixed was cooled at 10
• C by a chiller. 25 × 25 mm 2 samples were bonded to the substrate using thermal grease to rule out temperature effects. The base pressure achieved in the chamber was 1.5 × 10 −5 Torr before processing and the total gas flow rate was 50 standard cubic centimetres per minute. The processing conditions used in the 125 mm reactor were 30 mTorr operating pressure with inductive power set to 300 W and 600 W for Ar and H 2 , respectively. In this reactor, Ar and H 2 plasma densities were on the order of 10 18 m −3 and 10 16 m −3 , respectively [20] . In the 300 mm reactor, the power was set to 150 W and the pressure was set to 10 mTorr. The ion current density was 1.2 mA cm −2 . There was no external bias applied in any of the discharges, so the ion energy in direct treatments was determined by the plasma potential and floating surface potential and is estimated near ∼20 eV. To isolate the effect of high-energy photons on LPS and enable in situ ellipsometry measurements, a stainless steel housing was placed over the sample that protects the film from ion bombardment while permitting photons to pass through a MgF 2 optical filter with a cut-off wavelength of 112 nm, as shown in figure 2(a) [21] . While the UV/VUV photon fluxes in our reactors have not been characterized, they are expected to be similar to those measured in comparable systems at ∼10 15 photons cm −2 [22] . For UV/VUV treatment followed by XPS characterization, the MgF 2 filter was placed directly on the sample. For radical treatment, a silicon roof structure with an aspect ratio of 20 to the edge of the sample was placed 0.7 mm over the sample as shown in figure 2(b) [23] [24] [25] [26] . As plasma is not generated within the gap and due to a long diffusion pathway to reach the sample at this high aspect ratio, the sample interacts with only radicals but minimally with other species such as ions, metastables and photons. For Figure 2 . Schematic of the set up (not to scale) used for (a) real-time in situ ellipsometry of UV/VUV treatment and (b) radical treatment of LPS films. For UV/VUV treatment, a MgF 2 optical filter sits on top of a housing which prevents ion and electrons from interacting with the sample. The ellipsometer laser probed the sample through small apertures in the housing. For radical treatment, a roof structure sits 0.7 mm above the sample. Plasma is not produced within the gap, so only neutral species that diffuse under the gap (aspect ratio ≈20) can reach the sample.
XPS analysis, samples were treated by direct plasma treatment for 15 s and by UV/VUV-only and radical-only treatments for 15 min. To minimize the heating of the optical filter and roof structure, the plasma was cycled on and off every 5 min.
Characterization
Material characterization was performed in real-time during processing in the 125 mm reactor by in situ ellipsometry or after processing in the 300 mm reactor by angleresolved vacuum-transfer XPS. Films characterized by XPS were also characterized before and after processing by ex situ ellipsometry. The ellipsometer is an automated rotating compensator ellipsometer working in the polarizercompensator-sample analyser configuration at a ∼72
• angle of incidence. The ellipsometric measurements were performed with a He-Ne laser (λ = 632.8 nm). For our LPS films, multilayer modelling of the LPS layer on top of ∼1.8 nm SiO 2 on a Si substrate allowed us to extract changes in film thickness. Real-time ellipsometry experiments were performed twice per condition.
XPS analysis provided information on chemical changes at the film surface. The analysis was performed with a Vacuum Generators ESCA Mk II surface analysis system employing a Mg Kα source (1253.6 eV) at electron take-off angles of 90
• (deep probing depth ≈8 nm) and 20
• (shallow probing depth ≈2-3 nm) relative to the surface at 20 eV pass energy. The film composition was calculated using the integrated peak areas of the C 1s, O 1s, N 1s and P 2p spectra with corresponding Scofield cross sections of 1, 2.85, 1.77 and 1.25, respectively [27] . High-resolution C 1s, O 1s, N 1s and P 2p spectra were fit using a least-squares fit with 70/30 Gaussian-Lorentzian peaks after Shirley background subtraction and charge compensation by Surface morphology and roughness measurements were performed in a tapping mode AFM (MFP-3D, Asylum Research). The surface roughness values reported were calculated from the root mean square of the surface profile. AFM measurements reveal a uniformly covered surface that is shown in figure 3 . The surface roughness is less than 10 nm, which allows for the use of ellipsometry.
Estimation of endotoxicity
An ELISA was used to estimate the endotoxicity of bLPS films after plasma treatment. Unless otherwise noted, solution volumes were 100 µl and all incubations were at room temperature. Various concentrations of bLPS in PBS were prepared and incubated in a 96-well plate (Nunc Maxisorp, EBioscience) for 2 h. These well plates were pretreated with O 2 plasma by the manufacturer and were used as received. All wells were prepared in duplicate. The plates were washed three times with 220 µl PBS containing 0.04% Tween-20 (T-PBS) and subsequently placed inside the vacuum chamber. Placing the plates under vacuum did not affect the bioactivity as shown in figure 4 . For all treatments, the wells that were used to prepare a standard curve were covered with a Si piece to prevent any plasma-well interaction. The standard curve allows for the comparison between untreated and treated wells and additionally ensures that bLPS was diluted properly. For direct treatments, the treated wells were left uncovered. For UV/VUV treatment, a MgF 2 filter was placed on top of the treated wells. For radical treatment, a gap structure similar to figure 2(b) was placed over the wells. After treatment, the wells were incubated with 150 µl of blocking solution (StartingBlock, Thermo Scientific) for 90 min or overnight at 4
• C, emptied, and filled again with fresh blocking solution for another 30 min. Then, the wells were washed three times with T-PBS and incubated for 30 min with 0.25 µg ml −1 horseradish peroxidase-conjugated streptavidin in PBS (Streptavidin-HRP, Invitrogen). After washing three times with T-PBS, the wells were incubated with 3,3 ,5,5 -tetramethylbenzidine (1-Step Slow TMB, Thermo Scientific) for 10 min. Reactions were stopped by addition of 2M H 2 SO 4 and the optical density at 450 nm was measured within 10 min by an automatic microplate reader (Synergy HT Multi-Mode, BioTek). Values from treated wells were then normalized to the negative control (0 µg ml −1 bLPS) and compared to the untreated standard curve. We note here that this assay measures the interaction between biotinylated-LPS and streptavidin to indirectly provide information on chemical structural changes of LPS. Some functional groups (carbonyls) found in biotin are also found in LPS. We explored three different initial concentrations of bLPS. For very sensitive measurements, 0.1 µg ml −1 bLPS was incubated. To study bulk deactivation, 5 µg ml −1 bLPS was incubated. In the former case, the sensitive regime, a thin film is formed in the well. In the latter case, the bulk regime, a thick film is formed, which enabled us to study the impact of diffusion and penetration of plasmagenerated species into the film. An intermediate concentration of 1 µg ml −1 was also used. Each ELISA experiment was repeated at least three times. 
Results and discussion
Correlation between ellipsometry and biological activity
In situ ellipsometry was used to monitor the film thickness for direct and UV/VUV treatments in real time. For radical treatments, ex situ ellipsometry was used before and after treatment as the roof structure blocks the ellipsometer laser's path. Figure 5 shows the results of all treatments. Both Ar and H 2 direct treatments (solid symbols) reduce the film thickness by ∼50% after about 1 min of exposure. The high rate of material removal is expected for direct exposures where ions play a role and has been reported in several studies on bacteria cells and protein films [3] [4] [5] . The Ar and H 2 plasma-generated photon emission in the 125 mm reactor has been previously characterized by Weilnboeck et al [21] . As Ar does not emit in the UV/VUV above the cut-off wavelength of the MgF 2 filter, they report emission corresponding to unavoidable chamber contaminations from carbon and molecular H 2 . This effect can be seen in the slight amount of material removal during Ar UV/VUV treatment (open squares). The slight increase in the thickness at the end of the Ar treatment is an artefact in the data and is within the uncertainty of ellipsometry measurements. Pure H 2 plasmas emit radiation in the UV/VUV at 121.56 nm from the Lyman-α line and broad molecular bands from the Lyman and Werner series above the cut-off wavelength of the filter [29, 30] . These high-energy photons etch LPS films (open circles), but the etch rate is significantly slower than that of direct plasma treatments. These results agree with previous work by Bruce et al that will be briefly reviewed here [31] . They report ion dominated etching for esterbased polymers at low temperature with a decreased, but finite amount of etching for UV/VUV exposures. By comparing various ester-based polymers, they find that the oxygen content determines the etch rate of the polymer. For ester-based polymers, etch rates between subsequent exposures decrease with time, which they attribute to oxygen depletion. As LPS is an oxygen-rich biomolecule (40-44% O), we expect it to behave similarly. In both radical treatments (half-solid symbols), the material removal is low enough that it lies within the uncertainty of the measurements. For Ar treatments, optical emission spectroscopy (not shown) was performed and trace amounts of atomic oxygen were detected at ∼777 nm in Ar plasmas that originate from sputtering of the quartz window and from adsorbed O 2 and H 2 O on the chamber walls. These unavoidable oxygen contaminants are very low and are estimated at ∼0.1% of equivalent flow into the chamber. H 2 plasma generates reactive atomic H, which, as mentioned earlier, does not etch the films. The lack of radical-induced etching is consistent with previous work [32] . They report slow radical-induced etching of hard amorphous hydrocarbon films by deuterium atoms at 330 K. Minimal etching were also observed in the low oxygen and deuterium radical-induced etch yields on lipid A reported in our previous study using a quartz crystal microbalance [14] . Figure 4 shows representative standard curves for the ELISA experiment. The inset shows the negative control i.e. background signal of the measurements. While it is clear that increasing the concentration from 0 µg ml −1 up to 0.5 µg ml
significantly increases the absorbance from ∼0.08 to ∼0.8, increasing the concentration further even by two orders of magnitude does not significantly increase the absorbance. The impact of this saturation effect on deactivation is discussed in detail below. Figure 6 shows the biological activity of bLPS after Ar and H 2 treatments under direct, UV/VUV-only and radical-only conditions for sensitive and bulk ELISA modes. Direct Ar treatments, shown in figure 6(a) , deactivate the ultrathin films created in the sensitive mode completely after 15 s but only partially deactivate the thicker films formed in the bulk mode. For the highest concentration of incubated bLPS, complete deactivation was not reached until 60 s, after which nearly 20 nm were removed from the LPS-coated Si wafer that was treated simultaneously. Direct H 2 treatments, shown in figure 6(b), deactivate more effectively than the direct Ar with complete deactivation reached after only 6 s. Despite the rapid deactivation, film thickness loss is comparable to the loss after direct Ar treatments, suggesting that other plasma-generated species are playing a role through surface modifications. As H 2 plasmas also produce UV/VUV photons and radicals, bLPS films prepared at higher concentrations were exposed to UV/VUV-only and radical-only conditions to explore the synergistic effects that could account for the enhanced deactivation. Figure 6 (c) shows the effect of UV/VUV-only treatment on biodeactivation. Compared to the direct treatment, the deactivation is significantly slower, which is also consistent with the reduced etch rate observed by realtime ellipsometry. Even after 45 min of treatment, the thicker films show only 60% deactivation. This reduction in etch rate and deactivation compared to the direct treatment is likely exaggerated as the optical filter likely attenuates the VUV emission at 121.56 nm as the cut-off wavelength is nearby at 112 nm; the VUV flux in the direct treatment is likely higher. Consistent with the lack of etching measured by real-time ellipsometry, Ar UV/VUV only treatments do not strongly deactivate the film as the plasma does not emit UV/VUV above the cut-off wavelength of the optical filter. Interestingly, despite minimal etching of the films, plasma-generated reactive neutrals deactivate the sample, as and 5 µg ml −1 concentrations, respectively. Ar neutrals (atoms) are not reactive and cause negligible deactivation after 15 min. Unlike the UV/VUV and direct treatments, the radical treatments show that material removal is not required for deactivation and that surface modifications are important. We speculate that deactivation by radicals is dependent on the flux of H atoms that are able to diffuse under the gap structure and that conditions maximizing the dissociation of H 2 would cause the most deactivation. The plasma density and ion mass are both significantly higher in the Ar plasma compared to the H 2 plasma, which demonstrates the synergy existing in H 2 plasma between ions, high-energy photons and chemical attack by H atoms in deactivation. The small size of H 2 plasma-generated reactive intermediates additionally enables these species to diffuse and penetrate into the film, enhancing deactivation. Previous works studying H and D radical effects on amorphous hydrocarbons and ultralow-k materials show that the radicalmodified layer thickness depends on the density and porosity of the film. For hard amorphous hydrocarbons, D radicals create a 1.4 nm thick modified layer [32] while radicals can penetrate as far as 200 nm into porous materials [33, 34] . The thickness and surface morphology of the bLPS film in the well cannot be directly measured due to the geometry of the well plate.
Tong et al used AFM to measure LPS film morphologies in both a dry and aqueous state [35] . They find that the film swells due to uptake of water, especially in the O-chain. We speculate that during the plasma treatment, where the film is in a dry state, the film is condensed, causing some biotin to be protected from the plasma by saccharide residues in LPS. After plasma treatment, the bLPS film is in an aqueous state for the subsequent ELISA steps, causing the film to expand, which exposes previously protected biotin. This effect is likely occurring especially in the direct Ar plasma treatment where the films are not deactivated completely until most of the material is removed. As the standard curve shows only small differences in absorbance between 1 and 5 µg ml −1 , the difference in deactivation efficiency must also be due to a thicker film forming at higher concentrations. The concentration-dependent deactivation established by the sensitive and bulk modes agrees with work by Kylian et al where the authors showed that deactivation efficiency decreases with increasing initial concentrations of lipid A, which they attribute to increased volume/surface area ratios [36] .
There is an intrinsic difficulty in measuring the biological activity of biomolecules. Interactions at the molecular level involving proteins, antigens and antibodies are governed by non-specific interactions, which include hydrogen bonding, electrostatic interactions, van der Waals forces, hydrophobic interactions and molecular geometric complementarity. These interactions are very sensitive to the environment; precise control of the pH, salinity and temperature are crucial for certain interactions. For example, the amino acid histidine has an overall pKa of approximately 6.5, so small changes in pH near the physiological pH can change the amount of average charge on the molecule [37] . This sensitivity to the environment is most obvious in enzyme catalysts, which function perfectly at 37
• C, 760 Torr and pH 6.5-7.5 [37] . The biotin-streptavidin interaction is one of the strongest non-covalent interactions in nature and consists of hydrogen bonding, hydrophobic interactions, and a lockand-key mechanism whereby the ring structure of the biotin complements the binding site on the streptavidin very well [38] . Plasma treatment can disrupt non-specific bonding in several ways. Biotin's ring structure can open, which would impact the molecular complementarity, or the ureido ring can be chemically modified, which disrupts spatially arranged hydrogen bonding.
Here we emphasize that we are comparing films prepared on different substrates from different solutions. The substrate would play a role for thin films where a monolayer or less is adsorbing. However, for thick films, the influence of the substrate would be negligible as a molecule would now see an LPS-coated surface. Furthermore, the well plate manufacturer modifies the surface of the well to render it more hydrophilic and enhance binding of biomolecules. This hydrophilicity is comparable to the native oxide on Si wafers. Among other factors, the choice of solvent affects the aggregation of LPS molecules, but there is little agreement in the literature regarding the exact macromolecular size and structure of LPS aggregates. In fact, the macromolecular structure can vary based on the characterization method [39, 40] . Thus, light scattering experiments performed in aqueous environments yield different results from negative staining environments performed on dry samples in an electron microscope. Given that the vacuum environment, which would cause a conformational change to the film, does not impact biological activity, we speculate that macromolecular structure in solution does not play an important role. The onset of aggregation can be inferred from the critical micelle concentration for amphiphilic molecules, which Brandenburg and Wiese [39] estimate begins in the pM range based on a review of the relevant literature. A key difference between the two sample preparations is the salinity; however, it has been shown that dilute salt concentrations (<0.3M) have negligible effects on solubility and hydrophobicity for amphiphiles [41] . In this work, we use wild-type LPS, which signifies that the O-chain varies in length, which would also impact the aggregation behaviour. Richter et al [40] find that increasing the length of saccharide portion of various types of LPS and lipid A encourages the molecule to form bilayers or two bilayer lamellae rather than spherical particles as measured by freezefracture electron microscopy.
XPS analysis of LPS films
XPS spectra of untreated LPS films collected at 20
• (shallow probing depth) and 90
• (deep probing depth) electron take- off angles are shown in figure 7 . More oxygen, nitrogen and phosphorous are found deeper in the sample. Additionally, more carbon is measured as C-C/H at shallow probing depths. The broad peak in the O 1s spectra is due to CO x species and small contributions from phosphate groups. The composition of carbon and oxygen at shallow probing depths (O/C = 25.68) matches very well with what can be expected from lipid A's structure (O/C = 25.52). We speculate that these results originate from a lipid A layer preferentially located at the near-surface that causes increased C-C/H signals due to lipid A's aliphatic chains. The formation of this layer is known to occur at the air-water interface by hydrophobic aliphatic chains during film preparation [42] . XPS difference spectra obtained by subtracting untreated signal from treated signal at a shallow probing depth are shown for H 2 under direct, UV/VUV and radical treatments (figure 8). Direct ( figure 8(a) and UV/VUV ( figure 8(b) ) treatments have similar effects and both remove 10-12 nm of material in the treatment as measured by ellipsometry. The most prominent effects are the removal of oxygen from the molecule, mainly in the form of C-O bonds as evidenced by a decrease in peaks in the C 1s at 286.5 and O 1s at 532.8 eV, and an increase in C-C-O at 285.5 eV. The peak at 284.5 eV is consistent with the formation of C=C bonds. Both treatments also show small increases in nitrogen and phosphorous; however, UV/VUV treatment does not change the chemical state of the phosphorous, while direct H 2 treatment shifts the peak towards higher binding energies. In contrast to direct and UV/VUV treatments, radical treatment ( figure 8(c) ) does not significantly affect the phosphorous and nitrogen content. O-C-O/N-C=O and oxygen slightly increase and C-C/H groups decrease. Only the near-surface is modified as seen in the similar, but reduced effect in XPS measurements made at deep probing depths (not shown). XPS difference spectra (treated minus untreated) collected at a shallow probing depth for Ar under direct, UV/VUV and radical treatments are shown in figure 9 . In these experiments, ex situ ellipsometry shows 10-12 nm of material removal for direct treatments and material removal within the uncertainty of our measurements for UV/VUV and radical experiments. After direct treatment ( figure 9(a) ), C-C bonding significantly decreases while O-C-O/N-C=O and O-C=O groups increase. The nitrogen content also increases significantly while the oxygen content increases mainly due to carbonyl groups, which complements the aforementioned increases in the C 1s. XPS spectra probing deeper into the sample (not shown), show similar effects with an additional loss of C-O groups. The P 2p spectrum shows a small increase in phosphorous following treatment. UV/VUV treatment, shown in figure 9(b) , causes very little changes, which is consistent with Ar not emitting high-energy photons above the cut-off wavelength of the MgF 2 optical filter. On the other hand, Ar radical treatments ( figure 8(c) ) show similar results to the H 2 radical treatment through a loss of C-C and an increase in O-C-O/N-C=O and oxygen. Like the H 2 radical treatment, these changes occur only at the near-surface and measurements probing deeper in the sample (not shown) show the same effect to a lesser extent. One possible source of reactive radicals in the case of Ar plasma is O from erosion of the quartz coupling window which produces a small oxygen background in the Ar plasma. Oxygen can be detected by its optical emission.
A chemical model is presented in figure 10 which summarizes the different erosion/modification mechanisms for Ar and H 2 direct, UV/VUV and radical treatments, and is consistent with previous work by Chung et al [14] . Changes occurring on the lipid A portion of the molecule would also be observed on similar moieties that are found in the core oligosaccharide and O-chain of LPS. Direct H 2 plasma leaves an oxygen-poor surface as seen in the decrease in the O 1s spectrum. This oxygen decrease from direct H 2 plasma treatment has also been observed by Vasquez-Borucki et al where they report a decrease in oxygen content and oxygen functional groups, mainly esters, in polyethylene terephthalate films after direct hydrogen plasma treatment under both low and high ion energy conditions [43] . Direct Ar plasma removes material primarily through physical sputtering. The removal of the surface lipid A layer is indicated by the decrease in C-C bonds and increase in O-C-O/N-C=O groups that are found in the core oligosaccharide and O-chain and is consistent with the material removal measured by ellipsometry. The C-O peak does not change in these measurements despite the exposure of the carbohydrate-rich underlayers after the carbon-rich lipid A surface layer is removed. As the near-surface of untreated LPS films contains a low amount of C-O groups, the absence of an increase of this moiety after the treatment indicates that Ar ions preferentially cleave C-O bonds over C=O bonds. This effect has been observed by Bruce et al where esterbased polymer films show an oxygen-depleted surface after low-energy Ar ion bombardment [31] . The removal of the surface lipid A layer also reveals additional amide groups found predominantly in the O-chain. Figures 8 and 9 show an increase in nitrogen and phosphorous content after direct H 2 and Ar plasma treatments. While the nitrogen content should increase when the lipid A surface layer is removed and Figure 10 . Schematic of the modifications to intact LPS/lipid A for the various conditions explored in this work and complementary work by Chung et al [14] . Damage to the highlighted functional groups in lipid A would also be found on similar functional groups in the core oligosaccharide and O-chain of LPS as shown for N-acetyl galactosamine.
the O-chain is exposed, direct H 2 treatment causes a smaller increase than direct Ar treatment, indicating that H 2 plasma more effectively removes amide groups than Ar plasma. Cleaving amide bonds causes fast etching of lipid A due to removal of aliphatic chains. On the other hand, phosphorous increases more after H 2 plasma treatment compared to Ar plasma treatment. This suggests that bombardment by heavier Ar ions is more effective at removing phosphorous than by ions formed in H 2 plasma. The shift towards higher binding energies in the P 2p spectrum after direct H 2 treatment results from negatively charged pyrophosphates accepting a hydrogen atom to form pyrophosphoric acid. H 2 plasma's ability to remove oxygen and nitrogen, which create functional groups necessary for non-specific intermolecular interactions between biotin and streptavidin, explains the increased deactivation compared to Ar plasma observed by ELISA in figure 6(a) .
UV/VUV modification and etching of organic materials has been extensively studied [14, 21, [44] [45] [46] [47] [48] . High-energy photons are known to lead to loss of hydrogen from polymers and damage oxygen-containing functional groups [48] . The shift of the C-C/H peak towards lower binding energies demonstrates that C=C bonds are formed following hydrogen loss. UV/VUV degradation of oxygen-containing functional groups has been widely studied in the semiconductor industry due to the use of methacrylate-based 193 nm photoresist [44] . The decrease in C-O bonds causes major damage to LPS due to cleavage of glycosidic C-O that link adjacent carbohydrate groups. The decrease in C-O bonds could also correspond to the opening of carbohydrate rings. Our previous work has also shown that 147 nm photons damage ester linkages and sugar groups in lipid A [14] . Breakage of ester groups causes removal of aliphatic chains on lipid A and dramatically reduces the endotoxicity of the biomolecule. UV/VUV photons can penetrate up to 200 nm into polymer films, depending on the absorption coefficient of the film [48] . Despite the enhanced penetration depth of the photons, deactivation by UV/VUV requires material removal, as the bulk ELISA experiments show more biological activity remaining after treatment than the sensitive ELISA experiments. The deactivation could be limited by the ability of fragmented groups to desorb from the surface. As direct and UV/VUV-only H 2 treatments remove oxygen from the films, one pathway towards deactivation of bLPS is through a breakage of C-C/H bonding and removal of heterocyclic ring structure, abolishing binding with streptavidin completely.
Radical plasma treatments and beam studies demonstrate that radicals play a significant role in deactivating and modifying LPS and lipid A films despite negligible material removal as measured in the present work by ellipsometry and in our previous work by a quartz crystal microbalance. Hydrogen and deuterium radicals can modify surfaces by chemical erosion. This mechanism has been overviewed in detail in our previous work and will be briefly discussed here [14] . H radicals can abstract bonded hydrogen from sp 3 CH x groups to form a radical intermediate via an Eley-Rideal mechanism. At high temperatures, the radical intermediate can de-excite by releasing a nearby CH 3 group or recombine with another hydrogen and cleave an adjacent C-C bond with the recombination energy [49] . The decrease in C-C bonding in the C 1s is consistent with the removal of aliphatic chains on lipid A. As this occurs at the near-surface, the increase in oxygen is due to the exposure of the underlying carbohydrate groups. Even though radical treatment by Ar plasma prevents ion bombardment of the sample, unavoidable trace chamber contaminations such as adsorbed H 2 O and O 2 originating from the walls of the reactor or from the gap structure along with oxygen from erosion of the quartz coupling window can be dissociated into reactive species and modify the film. The effect of oxygen radicals was shown in our previous study to reduce the number of intact fatty acid chains on lipid A. Although radical treatment should be limited to the surface, H radicals are small enough to diffuse into the film, depending on the density and porosity of the sample.
A key reason that H 2 plasma more effectively deactivates surfaces is the synergistic effects among ions, high-energy photons and radicals. This synergy is significantly reduced in inert Ar plasmas. In direct H 2 treatments, the UV/VUV and radical effect is much stronger due to the absence of the attenuating effects of the optical filter and high aspect ratio gap structure. For the direct Ar treatment, complete deactivation was not observed even after a nearly 20 nm decrease in film thickness. This large thickness loss suggests that the film in the well consists of multiple layers. Unlike the Ar treatment, direct H 2 treatments completely deactivated the films after only 8 nm was removed, demonstrating strong surface modifications and efficient penetration through the substrate due to its small size. Additionally, AFM measurements of polystyrene surfaces from a 6-well plate show surface roughness that would likely aid in adsorption of LPS and make deactivation more difficult.
Conclusion
LPS films were exposed to Ar and H 2 plasmas under direct, UV/VUV-only, and radical-only conditions to characterize their etch behaviour, biological activity and surface chemical composition. Direct plasma treatments under both plasma chemistries show similar etch rates. However, the mechanism of material removal is markedly different. Direct H 2 plasma creates an oxygen-deficient surface by removing C-O, O-C=O and O-C-O/N-C=O groups while direct Ar plasma reduces aliphatic carbon, C-O and phosphate groups. Direct H 2 plasma more effectively removes amide groups than Ar plasma, which leads to fast material removal by desorption of aliphatic chains. Fast material removal by direct plasma causes rapid deactivation as measured by ELISA. UV/VUVinduced etching is slower than direct plasma-induced etching. This slower effect is also seen in the slower reduction of biological activity. The UV/VUV treatment reduces oxygen content in the molecule, and this was due to a reduction of carbon-oxygen functional groups such as C-OH, O-C-O/N-C=O and O-C=O. These changes are expected to alter the structure of LPS significantly, which would decrease the molecules endotoxicity as evidenced by decreased binding of bLPS to streptavidin. Radical treatments cause negligible material removal, but deactivation still occurs. Both H 2 and Ar radical treatments reduce aliphatic carbon from the aliphatic chains on the near-surface and expose underlying carbohydrate layers.
Plasma sources present a promising path for sterilization and decontamination of sensitive surfaces. The results show that plasma-generated UV/VUV photons and radical species play an important role in biological deactivation but are less effective than direct discharges. The lack of material removal by radicals is promising for surface treatments of sensitive medical devices as biological contaminants can be deactivated without damaging the device. This is important for future studies on low-temperature plasma interactions operating at atmospheric pressure where the effect of ions will be negligible and neutral species dominate.
